Metabolic engineering of plant carotenoids in food crops has been a recent focus for improving human health. Pathway manipulation is predicated on comprehensive knowledge of this biosynthetic pathway which has been extensively studied. However, there existed the possibility of an additional biosynthetic step thought to be dispensable because it could be compensated for by light. This step, mediated by a putative "Z-ISO", was predicted to occur in the sequence of redox reactions that are coupled to an electron transport chain and convert the colorless 15-cisphytoene to the red-colored all-trans lycopene. The enigma of carotenogenesis in the absence of light (e.g. in endosperm, a target for improving nutritional content) argued for Z-ISO as a pathway requirement. Therefore, understanding of plant carotenoid biosynthesis was obviously incomplete. To prove existence of Z-ISO, maize and Arabidopsis mutants were isolated and the gene identified. Functional testing of the gene product in Escherichia coli showed isomerization of the 15-cis double bond in 9,15,9'-tri-cis-ζ-carotene, proving that Z-ISO encoded the missing step. Z-ISO was found to be important for both light-exposed and "dark" tissues. Comparative genomics illuminated the origin of Z-ISO found throughout higher and lower plants, algae, diatoms, and cyanobacteria. Z-ISO evolved from an ancestor related to the NnrU gene required for bacterial denitrification, a pathway that produces nitrogen oxides as alternate electron acceptors for anaerobic growth. Therefore, plant carotenogenesis evolved by recruitment of genes from noncarotenogenic bacteria.
. The PSY product, 15-cis phytoene, is then desaturated and isomerized to form all-trans-lycopene having an extended conjugated double bond system. The desaturation steps are coupled to an electron transport chain with oxygen being the final acceptor (Beyer et al., 1989; Mayer et al., 1990; Mayer et al., 1992) . The downstream steps require that lycopene be in the all-trans-lycopene configuration for conversion to carotenes and xanthophylls.
Bacteria and plants differ in conversion of 15-cis phytoene to all-trans-lycopene (reviewed in Sandmann, 2009 ). Bacteria use a single enzyme, CrtI with FAD cofactor serving as a hydrogen acceptor, to catalyze isomerization and four desaturation reactions via the intermediate all-trans-ζ-carotene (Linden et al., 1991; Fraser et al., 1992) . Plants and evolutionarily-related cyanobacteria require two phylogenetically related desaturases and two isomerases, only one of which has been identified to date (Breitenbach and Sandmann, 2005; Li et al., 2007) . In place of FAD, plants use oxidized plastoquinones as electron acceptors in the desaturation sequence (Mayer et al., 1990; Norris et al., 1995; Breitenbach et al., 1999) . The plastoquinones are regenerated through photosynthetic electron transfer in photosynthetic tissue or via an alternative oxidase that functions as a plastoquinol-oxygen oxidoreductase in nonphotosynthetic tissue (reviewed in Sandmann, 2009 ). The first desaturase, phytoene desaturase (PDS), removes two hydrogens and introduces trans double bonds at 11 and 11', along with a cis bond at the 9 and 9' double bond positions, producing 9,15,9'-tri-cis-ζ-carotene. It is thought that a bound flavin plays a role in electron transfer (Hugueney et al., 1992) .
The PDS enzyme product 9,15,9'-tri-cis-ζ-carotene must be isomerized at the 15-cis double bond to form 9,9'-di-cis-ζ-carotene, the substrate for the second desaturase ζ-carotene desaturase (ZDS) (Beyer et al., 1989; Bartley et al., 1999; Matthews et al., 2003; Breitenbach and Sandmann, 2005) (Fig. 1 ). This isomerization can be mediated by light. However, carotenogenesis in "dark" tissues such as roots and etiolated leaves would suggest that other components must be involved. Biochemical characterization of the maize pale yellow9 (y9) locus along with a Euglena mutant provided evidence that there was a genetic locus required for isomerization of the 15-cis bond in 9,15,9'-tri-cis-ζ-carotene. Recessive alleles caused accumulation of 9,15,9'-tri-cis-ζ-carotene in dark tissues whereas light photoisomerized the 15-cis bond in photosynthetic tissue (but not in other tissues exposed to light) and thereby released Next, these Arabidopsis mutants were tested for accumulation of 9,15,9'-tri-cis-ζ-carotene to verify that they were biochemically similar to the maize y9 mutants. The isomers 9,15,9'-tri-cis-ζ-carotene and 9,9'-di-cis-ζ-carotene were identified by improving the separation method from that described earlier (Li et al., 2007) . As shown in Figure 3 and quantified in Table   1 , extracts for standards were prepared both from maize y9 etiolated leaves and from "EBP" bacteria (E. coli expressing bacterial GGPPS and PSY and maize PDS), where the predominant product is the PDS product, 9,15,9'-tri-cis-ζ-carotene (Li et al., 2007) . The isomer 9,15,9'-tri-cis-ζ-carotene was identified by exposure of extracts to light and demonstrating its conversion to 9,9'-di-cis-ζ-carotene, as evidenced by change in retention time and spectral properties as we demonstrated before (Li et al., 2007) . As shown in Figure 4 , etiolated leaves of the Arabidopsis mutant zic1-1 (and Arabidopsis zic1-2, data not shown) accumulated 9,15,9'-tri-cis-ζ-carotene as found for maize y9 etiolated leaves. The Arabidopsis mutants also accumulated some 9,9'-di-cis-ζ-carotene. In contrast, the wild type (WT) Columbia plants did not accumulate any ζ-carotene.
As shown for homozygous seedlings of both zic1-1and zic 1-2 mutants grown in the light for six days, plants contained ~20-30% reduced levels each of total carotenoids and chlorophyll compared to WT (Table 2 and supplementary Fig. S1 ). The individual carotenoids were reduced in the mutants except for β-carotene that was significantly elevated compared to wild type.
However, β-carotene remained as a minor component of the leaf carotenoids in the zic1 mutants.
Mapping and Identification of the Z-ISO locus in Arabidopsis
To locate the affected locus, zic1 was fine mapped to Chromosome1 (Chr1) between markers T16B5 and T19P16M1-2, and each respectively gave 2 and 5 recombinants out of 826 F2 plants (Fig. 5) . In a region of ~69 Kb, sequence comparison for 12 candidate genes pointed to only one mutated gene, At1g10830. Moreover, only this gene showed highly correlated co-expression with other carotenoid genes as compared to the background of all other Arabidopsis transcripts assayed over ~300 microarray experiments by using the Arabidopsis Coexpression Data Mining Tool (ACT) (http://www.arabidopsis.leeds.ac.uk/act/coexpanalyser.php). The highest coexpression correlation was found between Z-ISO and PDS (At4g14210) with an r-value of 0.857, followed by PSY (AT5g17230) and ZDS (AT3g04870) with r-values of 0.854 and 0.853, respectively.
The Arabidopsis Z-ISO gene, At1g10830, shown in Figure 6 contains four exons and three introns. Mutations associated with the two Z-ISO mutants identified in this study (zic1-1 and zic1-2) and T-DNA insertion sites for four other T-DNA insertion mutants of At1g10830 (named zic1-3 to zic1-6), obtained from TAIR, are noted in Figure 6 . The T-DNA insertion mutants share a similar phenotype with zic1-1 for cotyledon color and delayed leaf greening (data not shown).
The Z-ISO gene was found to be associated with two alternate transcripts, a longer Z-ISO1.1, and a shorter Z-ISO1.2 (Fig 8A and 8B ) predicted to encode a truncated peptide. Both transcripts are expressed as detected by RT-PCR, with the longer Z-ISO1.1 transcript being predominant (~30-fold higher) in both etiolated and green leaves (Fig. 8C) . The zic1-1 mutant gene has a 10 nt deletion in exon 4, creating a premature stop codon (Fig. 6, 7 ) although the transcript level was comparable to WT (Fig. 8D ). The zic1-2 mutant gene has a 20 nt deletion at the end of intron 1 which caused abnormal splicing. Four transcripts were amplified, only one of which was identical to wild type (Fig. 7C, 8D ).
Isolation and mapping of the maize Z-ISO gene
Using the Arabidopsis sequence as a query, the maize Z-ISO gene (BT036679) was identified and mapped to chromosome 10, the location of y9 (Fig. 9 ). Sequence analysis revealed that maize Z-ISO shared a similar exon-intron structure with that of the Arabidopsis homolog. We confirmed that Z-ISO was encoded by y9 by sequencing the 12 mutant alleles found to accumulate 9,15,9'-tri-cis-ζ-carotene. All of the alleles contained either Mu7 or Mu8 insertions in exon 1. For example, the y9 allele 5705B had a Mu7 insertion which caused reduced Z-ISO transcripts as shown in etiolated homozygous mutant leaves (Fig. 10A ).
Transcript analysis of Z-ISO
Microarray data analyzed using Genevestigator (https://www.genevestigator.com/gv/index.jsp), showed that the Arabidopsis gene had the highest transcript levels in leaf compared to other tissues such as roots, which were ~4-fold lower. Arabidopsis seedling transcript levels were induced by light and reduced by night extension. Published Northern data confirm that Z-ISO is a light induced gene (Ishikawa et al., 2009) . As shown in Figure 10B , maize Z-ISO transcripts were most prevalent in leaves compared to other tissues of nonmutant plants. NCBI EST data also indicate that rice Z-ISO (Os12g0405200) transcripts are most abundant in green leaves compared to other tissues. The alternate transcript found in Arabidopsis is likely unique to this species since we saw little evidence for alternate transcripts in maize and rice.
Z-ISO gene product
Z-ISO is a chloroplast localized protein as verified through large scale proteomics and GFP fusion experiments (Zybailov et al., 2008; Ishikawa et al., 2009 CrtISO and bacterial CrtI (reviewed in Sandmann, 2009). However, it was a surprise to find that the protein was related to NnrU, a transmembrane protein first described for R. sphaeroides 2.4.3 as being required for bacterial denitrification (Bartnikas et al., 1997) . Phylogenetic analysis shows that Z-ISO sequences in higher and lower plants, algae, diatoms, and cyanobacteria form a monophyletic group having evolved from a common progenitor of the NnrU gene found in denitrifying bacteria such as Agrobacterium tumefaciens C58 and Sinorhizobium meliloti 1021 (Figure 11 ). Z-ISO amino acid sequence alignments show that they are highly conserved among higher plants, represented by angiosperms (monocots and dicots) and a conifer and mosses, algae, diatoms and cyanobacteria (Supplementary Figure S2A) . Inclusion of denitrifying bacteria NnrU sequences shows the homology with Z-ISO but also reveals regions that distinguish Z-ISO from NnrU (Supplementary Figure S2B) .
Gene clusters
Evidence that the Z-ISO gene evolved from an NnrU progenitor and acquired new function could be suggested by bacterial genomic location or "gene neighborhood" (Fig. 12) . That is, in As expected, nondenitrifier/nonphotosynthetic bacteria such as Escherichia coli and the plant pathogen Pseudomonas syringae pv. tomato str. DC3000, lacked an NnrU gene.
It was surprising that there was no evidence for a Z-ISO gene in the complete genome of
Chlorobium tepidum, a green sulfur bacterium that grows anaerobically and produces carotenoids via the plant-type enzymes, PDS and ZDS (Frigaard et al., 2004) ; a CrtISO homolog has also been identified. C. tepidum also lacks plant type lycopene cyclases (Maresca et al., 2008) , suggesting that carotenogenesis in this organism may not really be plant-like in entirety.
Given that this bacterium requires a minimum of light to survive, such light might be sufficient to photoisomerize the PDS product for the downstream ZDS as seen in the biochemical phenotype of leaves from light-exposed Z-ISO mutant plants. Z-ISO sequences were previously found to be conserved in all oxygenic autotrophs analyzed in one study but not in non-oxygenic organisms (Ishikawa et al., 2009) . The difference in oxygen utilization may be reflected in a mechanistic difference in isomerization for an anaerobic organism such as C. tepidum.
Functional complementation of Z-ISO
To demonstrate function of Z-ISO, a well-established E. coli complementation platform was utilized. Using this system, the 9,15,9'-tri-cis-ζ-carotene product of PDS was converted to 9,9'-di-cis-ζ-carotene only in the presence of either Arabidopsis or maize Z-ISO, AtZ-ISO1.1 and ZmZ-ISO1.1, respectively ( Fig. 13 and Table 3 ). No function was detected for the Arabidopsis zic1-1 mutant gene product (AtZ-ISO1M) having an altered C-terminus, the product of the shorter Arabidopsis transcript (ZISO1.2), or NnrU from a denitrifying bacterium, Sinorhizobium meliloti 1021. These results confirm that the maize y9 gene product is Z-ISO and that Z-ISO from maize and Arabidopsis function to isomerize the 15 cis bond in 9,15,9'-tri-cis-ζ-carotene produced by PDS.
Discussion
We previously predicted that the two isomerases Z-ISO and CrtISO would differ structurally because of their different substrate specificities (Li et al., 2007) . The Z-ISO substrate is one double bond as compared to the conjugated double bond substrate of CrtISO. The possibility that Z-ISO might be a paralog of CrtISO was tested but gene products never showed evidence of Z-ISO activity (data not shown). The plant CrtISO product retains isomerase activity of an evolutionary progenitor related to bacterial CrtI, a carotenogenic enzyme combining desaturase and isomerase activities (reviewed in Sandmann, 2009). In contrast, the plant Z-ISO gene appears to have evolved from an ancestor of the NnrU gene which is ubiquitous in denitrifying bacteria.
Denitrification is widespread in bacteria ranging from plant symbionts to human pathogens and some fungi (reviewed in Zumft, 1997; Shapleigh, 2009 Z-ISO was found to be a single copy, highly conserved gene with NnrU homologs present throughout oxygenic autotrophs (Ishikawa et al., 2009) . Like NnrU, Z-ISO is predicted to be a transmembrane protein. Using systems tools, we found that Z-ISO transcript levels were highly correlated with mRNAs of other genes encoding carotenoid biosynthetic enzymes compared to the background of ~30,000 Arabidopsis genes. The most highly correlated gene was PDS, encoding the enzyme that produces the substrate for Z-ISO. Large-scale proteomics experiments have previously verified localization of Z-ISO to chloroplasts, the site of carotenoid biosynthesis (Zybailov et al., 2008; Ishikawa et al., 2009) . Using a simple heterologous platform,
we were able to demonstrate that Z-ISO from both a monocot and a eudicot mediate isomerization of the 9,15,9'-tri-cis-ζ-carotene product of PDS to 9,9'-di-cis-ζ-carotene, the substrate required of the downstream enzyme, ZDS. Although Z-ISO is related to bacterial NnrU, the NnrU peptide did not have isomerase activity, suggesting that sequence changes allowed Z-ISO to acquire a new function for carotenogenesis. Proteins encoded by the short alternative Arabidopsis transcript 1.2 and the zic1-1 truncated mutant Z-ISO revealed that the Cterminal region were important for Z-ISO enzyme activity.
In endosperm and other tissues not exposed to light, biosynthesis of carotenoids is dependent on Z-ISO. Without Z-ISO, carotenoid biosynthesis is blocked and 9,15,9'-tri-cis-ζ-carotene accumulates. It was thought that photosynthetic tissue did not require Z-ISO because light could mediate nonenzymatic photoisomerization of the 15 cis bond in 9,15,9'-tri-cis-ζ-carotene. Therefore, it was unexpected to find that among the various tissues sampled in several species, Z-ISO was expressed at highest levels in green leaf tissue. The possibility that Z-ISO was actually important in photosynthetic tissue was suggested by the mutant phenotypes in , 1973) . Maize y9 plants also had reduced carotenoids and chlorophyll and were less vigorous and lighter green than nonmutant siblings, the phenotype being influenced by environmental factors (Robertson, 1975; JanickBuckner et al., 2001 ). Exacerbation of this phenotype was observed upon exposure to a fluctuating temperature regime (Janick-Buckner et al., 2001 ). These results suggest that Z-ISO is needed in green tissue even under nonstressed conditions. Z-ISO becomes even more important in response to stress and therefore Z-ISO may play a crucial role in adaptation to environmental stress. These results suggest that light-mediated isomerization is insufficient in photosynthetic tissue and that Z-ISO is necessary both in light-exposed and in light-limited tissues (e.g. endosperm and roots).
Since discovery that the PDS enzymatic product was a different geometrical isomer than the substrate needed for ZDS, it has been an enigma how these consecutive enzymes might function, especially in the absence of light. Discovery of Z-ISO provides the missing link.
Further analysis of Z-ISO will contribute to better understanding of the complexity of carotenoid desaturation in oxygenic autotrophs which evidently requires four enzymes compared to one in bacteria. The importance of Z-ISO is not limited to engineering plant carotenoids for nutritional benefit, but its further study will help define the mechanisms allowing plants, diatoms, algae and cyanobacteria to adapt to environmental changes or in the case of plants, to make carotenoid derived signals needed to mediate developmental processes. X34H, X34I, X34K, X34L, X07CB, X07CC, 5705B, and 5705E were obtained from the Maize Genetic Stock Center. For etiolated leaves and roots, seeds were germinated and grown in the dark at 25°C for 10-14 days. Green leaves were collected from field grown plants.
Methods

Plant materials and growth conditions Arabidopsis thaliana
Screening for Arabidopsis Z-ISO mutants
Seeds of Arabidopsis thaliana 30,000 T-DNA insertion lines were germinated in the dark on sterile plant growth medium. In the dark, WT plants develop yellow cotyledons; we screened for those that appeared lighter yellow, due to putative blocks in carotenoid biosynthesis. The plants were then exposed to light, where if they were blocked in a nonisomerase structural gene, the plants would become albino and not survive to maturity; isomerase mutants were expected to be light green because light photoisomerization would overcome the mutant lesion. The delayed greening phenotype was also expected since light photoisomerization is less efficient than Z-ISO activity. The plants were then grown to maturity, seeds collected, germinated and self-pollinated to confirm the Z-ISO morphological and biochemical phenotype. Plant pigments were extracted and analyzed by HPLC, with the expectation that a true Z-ISO mutant should accumulate 9,15,9'-tri-cis-ζ−carotene. From these, we obtained two confirmed mutants, which we named zic1-1 (Z-ISO of carotenoid synthesis) and zic1-2. The zic mutants appeared light yellow when germinated in the dark and exhibited delayed greening when shifted to the light; etiolated homozygous plants accumulated 9,15,9'-tri-cis-ζ-carotene similar to maize y9 plants.
Map-based cloning of Arabidopsis Z-ISO
The zic1-1 mutant was selected for map-based cloning and genetic mapping was preformed according to Lukowitz et al. (2000) . and then incubated with 6ml extraction buffer, ethanol with 1% butylated hydroxytoluene (BHT) (Sigma), at 85°C for 6 min, followed by 10 min saponification with 120µl (1g/ml) KOH (Sigma). Samples were then vortexed and cooled on ice with addition of 4ml water and 3 ml of 2:1 petroleum ether and diethyl ether (PE:DE) (v/v), vortexed and centrifuged for 10 min at 3500 rpm. The upper layer was collected and PE:DE extraction of the lower layer was repeated twice.
The combined upper layer fractions were dried with nitrogen gas, and carotenoids dissolved in 400µl methanol with 1% BHT. The E. coli carotenoid extraction was performed as previously described (Li et al., 2007) except for addition of 1% BHT in methanol in the extraction buffer.
For photoisomerization analysis, carotenoid extracts were exposed to light for 12 hours at room temperature, and controls were put under the same temperature except under dark condition.
Carotenoid analysis by HPLC
HPLC separation was performed with a Waters HPLC system equipped with a 2695 Alliance separation module, Empower I software (Waters) and a 996 photodiode array detector (Waters).
Separation was conducted with a C30 Develosil 5u RPAQUEOUS (250 x 4.6 mm) column (Phenomenex). Isocratic separation was performed using a mobile phase of 4 parts water, 66 parts methanol, and 30 parts Methyl-t-Butyl-Ether (MTBE), at a constant flow rate of 1 mL/min for 80 minutes. Column and sample temperatures were kept at 20°C. Identification of Quantification was performed by measuring peak areas using the Empower I software (Waters).
Changes in carotenoid and chlorophyll composition of Arabidopsis zic1 mutants compared to wild type.
Seedlings were grown for 6d on half strength MS plus 1% sucrose in the light at 25 0 C.
Carotenoids and chlorophyll were extracted as described (Pogson et al., 1996) , separated by HPLC (Muller-Moule et al., 2002) , and peaks identified by comparison of spectra with previously published data (Schiedt and Liaaen-Jensen, 1995) . The changes in carotenoid and chlorophyll amounts were calculated by normalizing peak areas for sample fresh weight and then comparing to that of wild type. For total carotenoid and chlorophyll, the peak area data for the four carotenoid peaks (neoxanthin, violaxanthin, lutein and β -carotene) and two chlorophyll peaks (chlorophyll a and chlorophyll b) were summed up respectively, and processed as described above. Values given in Table 2 are averages and SD for three biological replicates. A representative HPLC chromatogram for each genotype is shown in supplementary Figure S1 . (Matthews et al., 2003) . For testing accumulating carotenoids, 2ml overnight cultures were inoculated into 100ml LB in a 500ml flask with appropriate antibiotics: chlorophenicol (34mg/L), ampicillin(50mg/L) and kanamycin (50mg/L). Cells were cultured for 8h at 37 °C in the dark and then induced with 10mM IPTG, followed by 40h slow shaking (100rpm) at room temperature and an additional 2 days without shaking prior to carotenoid extraction. For each construct, 3 individual colonies were cultured and standard deviation was calculated based on 3
Expression of Z-ISO in Escherichia coli
replicates each.
Semiquantitative and Quantitative RT-PCR
To assess transcript patterns for Z-ISO in zic1-1 and zic1-2 using semiquantitative RT-PCR, cDNAs were derived from total RNAs of leaves of 3 weeks plants of two zic1 alleles and WT using primers flanking the corresponding mutation sites. Amplification products were gelpurified, cloned into the pGEM ® -T Easy vector (Promega) and sequenced. Primers 2590 and 2591were used for analysis of zic1-1 and a 181bp product was amplified from zic1-1 (which carried a 10 bp deletion) compared to 191bp from wild type. For zic1-2 analysis, primers 2567 and 2589 were used. Multiple products of 491bp, 628bp, 688bp and 789bp were amplified in zic1-2, compared to 628bp in wild type.
For quantifying transcript levels of ZISO, total RNA was extracted from different tissues of Arabidopsis and maize. Arabidopsis seedlings were produced from seeds stratified in the cold for 4 days prior to germination on plates for 6 days in a growth chamber as described above (plant growth). Etiolated leaves and roots were obtained from maize grown in the dark for 10 days after soaking seeds in water. Field grown plants were used to collect green leaves, and endosperm and embryo were dissected from ears harvested 20 days after pollination (DAP).
Quantitative RT-PCR was performed using gene-specific primers: 2686 and 2687 for AtZISO1.1; 2684 and 2685 for AtZISO1.2; 2582 and 2583 for ZmZISO. Primer sequence and amplification conditions are listed in Table S1 . Results were normalized to actin. Values were expressed as means of three replicates with standard deviation (SD) as done before (Vallabhaneni and Wurtzel, 2009 ).
Chromosome Mapping and Sequence Analysis
The location of the y9 locus was obtained from Maize GDB (www.maizegdb.org). The The Arabidopsis Z-ISO was used as a query to identify by BLAST the homolog from the diatom Thalassiosira pseudonana, v3.0 (http://www.jgi.doe.gov/). Sequence analysis and phylogenetic tree construction were performed using MEGA3 and the Neighbor-Joining method (Kumar et al., 2008) . Prediction of transmembrane domains was made using TMHMM (http://www.cbs.dtu.dk/services/TMHMM/). Transit peptide prediction was made using ChloroP (http://www.cbs.dtu.dk/services/ChloroP/). Protein structure predictions were made using METASERVER (http://meta.bioinfo.pl/submit_wizard.pl) (Ginalski K, 2003) . and Arabidopsis plants are in remaining panels. Arabidopsis seeds were germinated in the dark and/or exposed to long day growth (16 hrs light/8 hrs dark) for 1 or 7 days as noted. showed that all were caused by insertion of a Mutator transposon in exon 1. Alleles carrying a 2199bp Mu7 insertion were: X34D, X34E, X34F, X34G, X34H, X34I, X34K, X07CC, 5705B and 5705E. Alleles carrying a Mu8 insertion were X34L and X07CB.
Both Mu insertions also caused insertion site duplication. Tables   Table 1 . Geometrical isomers accumulating in y9 etiolated leaves and dark grown E. coli. 
Supplementary Data
Supplementary Figures   Fig. S1 . Carotenoid and chlorophyll composition of Arabidopsis Z-ISO mutants compared to wild type. Protein sequences were obtained from NCBI (www.ncbi.nlm.nih.gov) and Genbank accession numbers are listed in Table S2 . Abbreviations in the consensus sequences shown at the bottom are as in Figure S2A . Predicted transmembrane domains for selected species (4) are marked with boxes.
Supplementary Tables   Table S1 . Primers and amplification conditions Fine structure of the absorption spectra expressed as the relative heights of the longest wavelength peak (III) to the middle peak (II); Nd, Not detected. Numbers in y9 and EBP columns correspond to percentage of total ζ -carotene based on peak area relative to total peak area of six ζ -carotene peaks. Figure S1 . E. coli carrying bacterial crtE (encoding GGPPS), crtB (encoding PSY) and maize PDS accumulate 9,15,9'-tri-cis-ζ -carotene and were additionally transformed with genes denoted or empty vector (pCOLADuet-1) as control. Numbers correspond to percentage of total ζ -carotene based on peak area relative to total peak area of six ζ -carotene peaks.
